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Introduction
Human population growth necessarily results in an increasing demand for resources (e.g. mineral, agricultural and residential), and this causes global conflict between humans and wildlife (Vitousek et al., 1997; Chapin et al., 2000; Weinbaum et al., 2012) . Given the high demand for food, this conflict is often most obvious and vigorous at the agricultural-wild land interface (Edwards et al., 1996; Viggers and Hearn, 2005) . The modification and development of landscapes for economically valuable systems inadvertently alters the distribution and abundance of native species (Rounsevell et al., 1991; Edwards et al., 1996) . Importantly, such agricultural intensification often results in irruptions of pest species, through the reduction in natural enemies, an increase in the scale of cultivation, and a decline of host plant defences (Soroush, 2010) . In some situations, agricultural development may cause increases in the abundance of some native herbivores species. This often occurs where fragments of native vegetation provide shelter adjacent to improved pasture and water points (Calaby and Grigg, 1989; Rounsevell et al., 1991) . The browsing and grazing pressures exerted by native herbivores on managed land can result in significant costs associated with economic productivity and environmental management (e.g. Coleman et al., 1997; Bulinski and McArthur, 1999; Torstenson et al., 2002) .
The management of pest species generally attempts to decrease population numbers below a critical damage threshold level (Shea et al., 1998; McMahon et al., 2010) . In order to achieve this, determination of an acceptable level of damage and its relationship to pest density across the landscape is required (Buckley et al., 2004; Edwards et al., 2004) , in combination with the selection of the most cost effective management strategies available (Buckley et al., 2004) .The suppression of population densities of native pest herbivores remains difficult across the Australian landscape, and the critical damage threshold may shift in response to localised features, as (i) native herbivore species have large population densities at the interface of managed landscapes, necessitating extensive, large-scale and highly coordinated management approaches to keep population numbers low ; (ii) the cost of management increases with decreasing animal densities (Bayliss and Yeomans, 1989 ); (iii) pest herbivore species may display cryptic and/or nocturnal behaviour, which can make access and control strategies challenging and costly (Coleman et al., 1997; le Mar and McArthur, 2001 ); (iv) management practices attract socio-political scrutiny and regulation, including modified approaches to lethal density reduction strategies traditionally adopted for invasive species management (Coleman et al., 1997; Buckley et al., 2004) and the implementation of alternative non-lethal control strategies (Coleman et al., 2006; Day and MacGibbon, 2007; Wiggins et al., 2010) ; and (v) follow-up monitoring of population densities and the effectiveness of the management strategy is often not always performed or practical to do so ).
An improved approach to the control of population densities of native pest herbivores may be aided by the development of decision support tools using spatiotemporal explicit models which can identify near optimal cost-effective removal strategies of pest species. Such tools enable improved management planning by combining information on pest population dynamics, associated financial costs and landscape/habitat structure. Moreover, spatio-temporal models have the capacity to inform managers on the likely behavioural movement of animals into (and out of) control areas and population densities relative to preferred habitat type. By taking immigration (and emigration) movements into account, management can be targetspecific to problematic areas. Additionally, simulation models allow for updates to control strategies as new knowledge is acquired (Haule et al., 2002; McMahon et al., 2010) . It is desirable, and often essential, for pest management strategies to minimise the cost-benefit ratio of the control strategy. Modelling important ecological and economic factors allows researchers and managers to explore a range of cost-benefit outcomes as a result of contrasting management approaches.
The Spatio-Temporal Animal Reduction (STAR) model provides a practical decision support tool that explores the biological, logistical and financial consequences of density reduction management scenarios in a virtual landscape . STAR provides a virtual framework for making informed comparisons of different management scenarios, thereby identifying the minimum proportion of the pest population to be removed for effective population control; identifying habitat-specific problem areas and optimal control techniques to be used; and incorporating information on the spatial and temporal costs of pest species density reduction. It is a user-friendly tool that allows managers to update new data and changing economic conditions . The flexibility of STAR may therefore enhance the use of adaptive management principles in which the results of management actions (e.g. experiments) inform future planning and decision-making (e.g. McCarthy and Possingham, 2007) .
A concrete example of the need to trial new management approaches concerns the management of native pest herbivores in Tasmanian agricultural landscapes. The use of 1080 poison to control pest populations is currently being phased out across the Tasmanian landscape, in response to social concerns over the environmental impact of this poison on non-target species. Alternative wildlife management strategies are currently being sought and tested (e.g. Coleman et al., 2006) . While alternative management strategies may provide socially preferred means for mitigating browsing damage across the landscape, their cost-effectiveness and execution is generally not considered to offer the same level of cost-effectiveness as density reduction strategies through broad-scale lethal (i.e. 1080 poison) control (Coleman et al., 2006) .
The aim of this research was to investigate the utility of the Spatio-Temporal Animal Reduction (STAR) model in the management of a native pest herbivore within an agricultural-forest mosaic. We investigated a browsing macropod, the endemic Tasmanian pademelon (Thylogale billardierii), which is commonly distributed across the Tasmanian landscape as a case study to adapt and test the applications of STAR. A combination of factors likely contribute to the widespread distribution and abundance of pademelons in Tasmanian, including a shift in landscape structure toward a more extensive agricultural-forest mosaic post-European settlement (e.g. Calaby and Grigg, 1989, Rounsevell et al., 1991) and the recent removal or declines in densities of top-order predators from the system (Figueirido and Janis, 2011, Hamede et al., 2013) . Specifically, we aimed to (i) input habitat and demographic data collected from of a native pest population into the STAR model; and (ii) test the costeffectiveness of a range of density reduction management strategies targeting the control of a native pest population. We provide a range of simulated models based on a wildlife management strategy (culling) adopted across the Tasmanian landscape relevant to macropod herbivore management, and provide a case study which contributes to testing the adaptability and flexibility of the STAR model across a diversity of pest populations and landscape features.
Materials and Methods

Target native pest species
The Tasmanian pademelon (Thylogale billardierii), at high densities, can cause extensive damage to managed landscapes including agricultural and forestry industries (Coleman et al., 1997; le Mar and McArthur, 2001) . Pademelons are small, sexually dimorphic macropods that display cryptic behaviour and are predominately crepuscular (most active at dawn and dusk) (le Mar and McArthur, 2001; Wiggins et al., 2010) . The distribution of the Tasmanian pademelon is widespread and common throughout the Tasmanian landscape, with population densities reported as highest in areas where agricultural land is adjacent to native forest (Rounsevell et al., 1991) . The total area of agricultural land within 1 km of eucalypt forest in Tasmania is 925,080 ha, which occurs across 14 % of the total landscape area (TASVEG, 2005; Fig. 1 ). 
Habitat structure
A 2 x 2 km cell grid of the study site was constructed, using habitat features derived from habitat surveys and TASVEG (2005) (see Wiggins and Bowman, 2011 for additional detail), to create a vector grid for use in the STAR model (Appendix). This grid features in output models created using STAR, which is used to display animal responses to proposed management scenarios. In total, 187 cells comprised the study site, giving an overall area of 748 km 2 . Model structure STAR was originally written as an interactive Microsoft Excel ® spreadsheet-based model (using Visual Basic for Applications (VBA) language) designed to be a user friendly, ecologically realistic tool for pest management applications. Specific details of model structure, coding and user manual access are described in McMahon et al. (2010) . The model presented here has been modified to incorporate the landscape configuration of our study site in Scottsdale, north-eastern Tasmania, Australia (41 o 06'S, 147 35'E), based on a cellular lattice framework, and is thus spatially explicit with respect to habitat type, elevation and landscape terrain relevant to this, and similar agricultural-forest mosaic areas across the Tasmanian landscape (Wiggins and Bowman, 2011). These features can have important implications on management approaches (and therefore success) as heterogeneous landscapes can alter access to, and costs associated with, animal management in both targeted and adjacent cells. The model structure uses density-feedback and economic cost functions to calculate the cost-benefit ratios of proposed management scenarios (detailed in McMahon et al., 2010) and has been updated to incorporate cost-benefit functions relative to the proposed management scenarios currently practiced in Tasmania (Wiggins et al., 2010) . Briefly, animal density is represented as a numeric response between the following parameters in the STAR model: habitat carrying capacity, rate of recruitment, rate of immigration and emigration, culling rate, spatial and temporal variation in landscape features and management-specific costs, location, time-frame, frequency and benefits (i.e. commercial harvesting). A comprehensive explanation of specific cell mechanics is presented in McMahon et al., (2010) , where each cell in the grid acts as a specific unit within the overall dynamics of the study area and can be influenced by surrounding cell parameters. Thus, the model is habitat driven in that animal densities are ultimately linked to the habitat quality of the region of interest. The change in animal numbers in each individual cell is governed by the following equation (Eq. 1):
where i is the cell row number in the study site cell grid, j is the cell column number, t is the time interval, N i,j,t+1 = number of animals in cell i,j at the next time interval (t+1), N i,j,t = number of animals in cell i,j at time interval t, r m = maximum rate of population increase when resources are not limiting, K i,j = habitat-specific maximum carrying capacity, is a shape parameter that modifies the relationship between r and population size (N), C i,j = total number of animals culled in cell i,j, E i,j = total number of animals emigrating from cell i,j, and I i,j = total number of animals immigrating into cell i,j .
Management scenarios
Within the suite of pre-specified management scenarios designed to simulate pest population management options in STAR, we tested four density targets that aim to reduce densities to specified targets over large areas (also tested in McMahon et al., 2010 for invasive species management). The culling technique, lethal control by a trained marksman using a spotlight, is based on current practices routinely used across the Tasmanian landscape (Coleman et al., 2006; Wiggins et al., 2010) . The density targets included (i) zero density reduction to examine how populations are expected to change over time under no management intervention and provide a comparative (control) simulation (0 animals removed); (ii) low-intensity density reduction (17 % initial cull rate and 9 % follow-up cull rate per year); (iii) medium-intensity density reduction (30 % initial cull rate and 19 % follow-up cull rate per year); and (iv) highintensity density reduction (50 % initial cull rate and 31 % follow-up rate per year). These scenarios enable comparisons of the cost-effectiveness of low-to high-intensity density reduction operations across the agricultural study site over a 10-year management period, selected to represent a timeframe relevant to an individual land manager. Follow-up cull rates were derived from McMahon et al., (2010) to achieve the pre-defined density-reduction targets over the specified management timeframe, but can be modified to best suits individual user interests or needs.
Under natural population conditions (i.e. no management regime), populations that exist below ecological carrying capacity (as predicted for pademelons at our study site) would be expected to reach high densities across the majority of the landscape (Coulson et al., 2004) . Following on from this prediction, low-intensity management would be expected to create high density areas which may have a greater potential to fill any 'gaps' in population distribution, as animals in areas of high densities will naturally filter into areas of lower densities, given similar levels of habitat suitability (; Porter et al., 1991; Efford et al., 2000) . How long any created gaps will persist in the environment is a direct function of the intrinsic growth potential of the population and the scale of the management intervention (Efford et al., 2000, Wiggins et al., 2010) . There is the potential that if density reduction is performed at too low a level, the management strategy may generate a steady increase in population numbers across the landscape, thus having little or no net effect on population density (Caughley, 1985) . Medium-and high-intensity management strategies would be expected to achieve a greater reduction in high density areas across the landscape.
Within each scenario, we compared (a) the total number of animals removed and remaining after culling; (b) the associated culling cost per animal and total management costs; and (c) the offset to costs, which aimed to calculate the revenue obtained from a commercial-based culling operation.
Model parameters
The following model parameters were standardised across each of the scenarios: The carrying capacity K for each habitat type was set at 177 animals per square km in agricultural habitat, 44 animals per square km in native forest habitat and 89 animals per square km for all other habitat types (DPIPWE Density Indices, 2009). The relative suitability of each habitat type was set at 57 % for agricultural habitat, 15 % for native forest habitat and 28 % for all other habitat types (Wiggins et al., 2010) . It was assumed that the habitat mosaic remained unchanged through the study period. The initial population size -the proportion (fraction) of K -was set to 0.5, which set the habitatspecific carrying capacities in the cells occupied by pademelons to 50 % of the maximum, giving initial population densities of 88 animals per square km in agricultural habitat, 22 animals per square km in native forest habitat and 44 animals per square km for all other habitat types. This value was guided by knowledge of previous and current density reduction strategies used in the area ( 2011 ), indicating the population was not at carrying capacity. An average density of 51 animals per square km was calculated from the above parameters and the total population number, current N, was 39,000 animals across the entire 748 km 2 management zone. The maximum annual growth rate of the population was estimated at 0.17 (McMahon et al., 2011) and the maximum dispersal rate of animals was set at 0.50 (with a maximum dispersal rate of 1 possible) to account for varying levels of immigration and emigration rates (specific to each cell) that a natural population may display. Dispersal is limited to adjacent cells per season and enables the user to test the effect of dispersal rate, particularly if it is not known, by incorporating different rates as part of the model building phase. The cost (quoted in Australian dollars) of culling was set at $150 per hour with overheads estimated at 50 %, incorporating equipment hire/use, consumables and additional labour costs. A revenue value of $2 was assigned as the market value per individual to test the offset to costs, to examine the viability of a revenue-based trade in wallaby products such as meat (e.g. Wilson and Edwards, 2008) .
Results
STAR density reduction outputs
This study tested four simulated models chosen to replicate a range of management strategies currently applied across the Tasmanian landscape:
Zero density reduction
Average population size was predicted as 53,740 individuals within the specified study area over 10 years in response to no management (Table 1, Fig. 2) , taking into account population growth estimates (McMahon et al., 2011) . This represents a 25 % increase in population size from the initial projected population. Animal abundance was predicted as high across 60 % of the mapped landscape ( Fig. 3) . 
Low-intensity density reduction
Average population size was predicted to reach 43,390 individuals within the specified study area over 10 years in response to low-intensity management (Table 1,  Fig. 2) . This represents a 10 % increase in population size from the initial projected population. A total of 39,430 individuals were culled during the 10 year timeframe at a total cost of $11,376 (Table 1, Fig. 2 ).
Figure 2. Population reduction strategies of (i) zero density reduction; (ii) low-intensity density reduction; (iii) medium-intensity density reduction; and (iv) high-intensity density reduction strategies for the management of a pest herbivore population (the Tasmanian pademelon Thylogale billardierii) across a heterogeneous landscape over a 10 year management period
Figure 3. Population abundance of a pest herbivore (the Tasmanian pademelon Thylogale billardierii) in response to (i) zero density reduction; (ii) low-intensity density reduction; (iii) medium-intensity density reduction; and (iv) high-intensity density reduction scenarios in the
study site over a 10 year management period. Note: density level categories indicated by multiple shades of green represent low, medium-low, medium and high density levels.
Animal abundance was predicted as high across 28 % of the landscape, which equates to a 53 % reduction in high abundance cells compared with zero density reduction (Fig. 3) . The culling cost per individual ($ individual culled -1 ) increased to a peak value of $0.36 individual -1 in year 2, then gradually decreased to $0.25 individual -1 from year 7 (average cost $0.29 individual -1 ; Fig. 4) . The total revenue gained (offset of culling costs) from a market value of $2 per individual was $67,312 over 10 years.
Medium-intensity density reduction
Average population size was predicted to reach 32,860 individuals within the specified study area over 10 years in response to medium-intensity management ( Table  1 , Fig. 2) . This represents a 16 % decrease in population size from the initial projected population. A total of 63,960 individuals were culled during this timeframe at a total cost of $25,996 (Table 1, Fig. 2) . Animal abundance was predicted as high across 9 % of the landscape, which equates to a 69 % reduction in high density cells compared with low-intensity reduction, and an 86 % reduction compared with zero intensity reduction (Fig. 3) . The culling cost per individual increased to a peak value of $0.45 individual -1 in years 2 and 3, which decreased to $0.40 individual -1 from year 9 (average cost $0.41 individual -1 ; Fig. 4 ). The total revenue gained was $101,921 over 10 years.
High-intensity density reduction
Average population size was predicted to reach 20,880 individuals within the specified study area over 10 years in response to high-intensity management ( Table 1 ,  Fig. 2) . This represents a 54 % decrease in population size from the initial projected population. A total of 71,230 individuals were culled within this timeframe at a total cost of $52,126 (Table 1, Fig. 2) . Animal abundance was predicted as high across 4 % of the landscape, which equates to a 50 % reduction in high density cells compared with medium-intensity reduction, and a 93 % reduction compared with zero intensity reduction (Fig. 3) . The culling cost per individual started at the lowest value of $0.32 individual -1 in year 1, and increased annually to a peak value of $1.01 individual -1 in year 10 (average cost $0.73 individual -1 ; Fig. 4 ). The total revenue gained was $90,334 over 10 years.
Discussion
The Spatio-Temporal Animal Reduction (STAR) model provides a practical decision support tool to explore the biological, logistical and financial consequences of density reduction management in a virtual landscape (McMahon et al., 2010) . While STAR was originally designed for the management of feral ungulates in the World Heritage Kakadu National Park (Australia), this study examined an applied case study of the model to test its applicability across a different set of pest population dynamics and landscape features. Density-reduction applications of STAR were tested to aid in the strategic management of a native marsupial pest herbivore, the Tasmanian pademelon Thylogale billardierii, in an agricultural-forest mosaic that has resulted in rapid increases in the abundance of macropod herbivores (Rounsevell et al., 1991; Viggers and Hearn, 2005; Coulson, 2009 ). The low, medium and high density reduction simulations were all effective at reducing population abundances compared to no management, while comparison to the initial population parameter (current N) yielded a population increase for low density reduction. With increasing density reduction targets (low-to high-intensity), greater density reductions and cost-benefit scores were achieved, but there were increasing associated costs driven by the higher-intensity management objectives. The average per capita cost per individual culled increased with increasing density reduction targets, resulting in the offset to culling costs (revenue gained) being greatest for medium density reduction. The lower population size achieved under high density reduction is likely to correlate with increasing difficulty (and therefore cost) associated with locating (and culling) individuals at low densities (e.g. Lurz et al., 2008; Fitzpatrick et al., 2009 ).
Selection of an appropriate density reduction management strategy
Model predictions indicated that under natural population conditions under no management regime, pademelons reached high densities across the majority of the landscape, indicating the population exists below ecological carrying capacity (Coulson et al., 2004) . Low-intensity management predicted pademelons would reach high densities across one third of the landscape. While low-intensity management may be an appealing strategy in situations of limited resource availability (i.e. time or budgetary constraints), medium-and high-intensity management strategies achieved a greater reduction in high density areas across the landscape. The medium-intensity density reduction strategy offered the most cost-effective scenario for the management of Tasmanian pademelons in an agricultural-forest mosaic, a habitat interface which is representative of managed landscapes across the Tasmanian environment ( Fig. 1) .
There are, however, a variety of factors which need to be considered when developing a wildlife management plan for the control or conservation of a species. Selection of an appropriate management strategy commonly includes an integrated approach of planning, implementation and adaptive management features (e.g. Gibbs et al., 1999) . Cultural and socio-political values imposed on wildlife can additionally shape management strategies and the management timeframe adopted. In this current study, the revenue gained from the medium-intensity density reduction strategy was predicted as $136 per km 2 over a 10 year timeframe. Considering the total area of agricultural-forest interface occurring within Tasmania (Fig. 1) , upon extrapolation, these predictions demonstrate the potential for $AU 1 million in revenue to be gained from harvesting operations across one Australian state, over a 10 year management period. However, the management of native and endemic pest species within Tasmania has attracted considerable socio-political opposition as these species concurrently have high conservation and biodiversity value (e.g. Coleman et al., 2006; Wiggins et al., 2010) .
In situations where density reduction is being considered for the management of a pest species, or where the operational harvest of a species occurs, we propose that initial planning stages be guided by the use of spatially explicit decision support tools such as STAR, which can act as a predictive tool for the selection of an appropriate density reduction target, taking into account situation-and site-specific features including resource availability (i.e. time, budget), logistical constraints (i.e. whole-versus partialsite access), habitat features and management objectives (i.e. damage mitigation, integrated management approaches). The use of demographic models of population growth has been identified as one of the most commonly used measures for assessing the sustainable management of wildlife populations (Weinbaum et al., 2012 ). An additional factor that offers to strengthen the selection of simulated density reduction targets is the estimation or quantification of damage intensity resulting from various densities of the target pest population. While the measurement of this factor was outside the original scope of our empirical data collection (see Wiggins et al., 2010; McMahon et al., 2011) , upon collection this information can be inputted into STAR for the continued updating of study-specific features and the resulting improvement of model output interpretation (McMahon et al., 2010) .
Spatially explicit models such as those used in STAR can provide comparative density reduction outcomes and revenue-based harvesting potential to guide management planning efforts. It should be noted, however, that as a modelling-based decision support tool, outcomes will be influenced by input values which are variable in nature and may be influenced at a highly-localised scale. While the use of statistical approaches (i.e. Bayesian inference) can aide in improving model performance, the objective of this research was to provide a case study to demonstrate the applications of an accessible, user-friendly decision support tool for which data collection and input techniques are easy to perform, model output is easy to understand and highly adaptable to specific situations.
Conclusions
Human-wildlife conflicts can arise within landscapes modified and developed for management purposes. While the management of native or endemic pest species may attract considerable socio-political opposition (e.g. see Clarke and Ng, 2006, Richardson, 2012), density reduction approaches to wildlife management are likely to remain important control options in the quest for maintaining species' abundances, given their broad-scale accessibility by land managers and their cost-effectiveness (Porter et al., 1991; McNulty et al., 1997; Wiggins et al., 2010) . Decision support tools such as STAR offer an approach in which management programmes can be developed to maximise the agricultural/utilitarian outcome by reducing the minimum number of animals for maximum exclusion, thus reducing the impact on the broader endemic population (see also McMahon et al., 2010) . When developing a wildlife management strategy, we recommend that initial planning stages be guided by the use of a spatially explicit model such as STAR, which can act as a predictive tool in strategic management planning and contribute to synergising modelling, monitoring and management efforts (Chee and Wintle, 2010). STAR can be accessed by researchers and land managers alike to facilitate the adoption of strategic management planning with relative ease and transparency. A key feature of STAR is the facility to input and update information easily, making it a truly adaptive management tool where site-specific information can be fed back into the model for situation-based projections and improved land-use decisions can be made (McCarthy and Possingham, 2007) .
